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Analytical approximation for single-impurity Anderson model
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PACS 72.15.Qm -  Scattering mechanisms and Kondo effect
PACS 71.27.+a -  Strongly correlated electron systems; heavy fermions
A b s tra c t. - We have applied the recently developed dual fermion technique to the spectral prop­
erties of single-band Anderson impurity problem (SIAM). In our approach a series expansion is 
constructed in vertices of the corresponding atomic Hamiltonian problem. This expansion con­
tains a small parameter in two limiting cases: in the weak coupling case ( U/ t  ^  0), due to the 
smallness of the irreducible vertices, and near the atomic limit (U/ t  ^  to), when bare propagators 
are small. Reasonable results are obtained also for the most interesting case of strong correlations 
(U ~  t). The atomic problem of the Anderson impurity model has a degenerate ground state, so 
the application of the perturbation theory is not straightforward. We construct a special approach 
dealing with symmetry-broken ground state of the renormalized atomic problem. Formulae for 
the first-order dual diagram correction are obtained analytically in the real-time domain. Most 
of the Kondo-physics is reproduced: logarithmic contributions to the self energy arise, Kondo-like 
peak at the Fermi level appears, and the Friedel sum rule is fulfilled. Our approach describes also 
renormalization of atomic resonances due to hybridization with a conduction band. A generaliza­
tion of the proposed scheme to a multi-orbital case can be important for the realistic description 
of correlated solids.
In tro d u ctio n . — The problem  of realistic description 
of spectral properties of correlated im purity  in the m etal­
lic surrounding is far from solution despite of considerable 
progress during the past years. There are quite success­
ful tools for large Coulomb U , particu larly  d iagram m atic 
pseudoparticle approach [1]. T ransport properties can be 
described in th is lim it also [2,3]. The case of m oderate 
U is less studied, although there is an interesting physics 
behind, e.g. renorm alization of the m ultiplet struc tu re  
due to  hybridization w ith  conduction band. A n exact 
solution by using the B ethe-ansatz [4, 5] is obtained for 
therm odynam ical properties only. There are num erically 
exact continuous-tim e quantum  M onte Carlo calculations 
in im aginary tim e dom ain [6 , 7]. P ractical accuracy of 
these m ethods is lim ited by an ill-posed problem  of ana­
lytical continuation to  the real-frequency axis. More ac­
curate  d a ta  can be obtained w ithin the N um erical R enor­
m alization G roup framework [8 ]. Finally, it is im portan t 
to  m ention a simple RPA-like approach which s ta rts  from 
the local-m om ent broken sym m etry solution [9] and de­
scribe K ondo properties surprisingly well. Abrikosov-Suhl
resonanse has been reproduced properly, it fulfils Friedel 
sum  rule and its w idth corresponds to  the  Kondo energy 
scale.
In  the present paper we describe an approach aiming 
analytical description of spectral properties of correlated 
im purity  w ith m oderate U . In th is first paper we apply 
our m ethod to  a single-band Anderson im purity  model 
(SIAM ). O ur approach, which s ta rts  from the exact m ap­
ping of SIAM to  auxiliary (dual) variables [10,11], resem­
bles key properties of the  broken-sym m etry self-consistent 
RPA approach [9], bu t allows fully analytical consider­
ation. A nother im portan t p roperty  of our m ethod is a 
renorm alization procedure, which allows to  describe a shift 
of the atom ic resonances due to  hybridization w ith a con­
duction band.
A n d erso n  im p u rity  p ro b lem . — We consider a 
single-band Anderson im purity  problem  a t zero tem per-
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ature. The action is
p r+œ
S  =  Sat - I I  d t d t 'c j t  A (t -  t ') c at’
J J —t t
r +œ /  d  \
Sat = J d t i i C v t  — C a t - U  n p n  it  +  Lbn,jt j
Sum m ations over spin index a  =T, j  are supposed; n Jt =  
^(cctí-oCctí +  Qjí+oQtí) corresponds to  n  — \  te rm  in the 
H am iltonian [12], so th a t there is a particle-hole sym m etry 
of S at if chemical poten tia l p  equals zero.
To build up the theory, we suppose an adiabatic  switch 
of the hybridization a t infinity. Form ally this m eans th a t 
A  is m ultiplied by a slow profile function A prof (t) such as 
A prof (± œ )  =  0 and A prof (t) =  1 otherwise. So, the  evo­
lu tion  s ta rts  and finishes w ith a bare atom  having a single 
electron. The com plete evolution operator S(-<x>, <x>) pre­
serves the spin orientation. Therefore, it can be divided 
into the two parts, responsible for the evolution th a t s ta rts  
and  finishes w ith a certain  spin orientation:
S  =  S n  +  S u , (1 )
where S | |  and  S | |  describe the  evolution | î ) —œ ^  | T)+œ 
and  | j ) —TO ^  | j ) + TO. Formally, S JJ  can be defined as
r-\j)
\j)
AS D[cc], (2 )
S [ f , f  ] E de (A e 1g—2 yjj.e — g<rJ,e) f  j , ef j,e +  V [f, f ],
(a) (b)
1 4)t = + 0 0  t = —oo 1 1 -|_ 1 1 )t = +00 ci Cl t = — OO
+ 1 T) cf cT 1 \)
where J j j )  D[cc] implies integration  over the  tra jectories 
sta rtin g  and finishing w ith a definite spin orientation. 
Such a trick  is necessary because of the degeneracy of the 
ground sta te  of the atom ic H am iltonian. Rem ind th a t 
for usual s ta tionary  diagram m atic technique, the ground 
s ta te  is unique, and therefore always evolves to  itself at 
infinite time.
In practice, it is enough to  consider only one p a rt of 
the  evolution operator, for example S | | .  Clearly, the ac­
count of another p a rt is equivalent to  spin-averaging of the 
results obtained.
P re lim in a ry  a n a ly s is . — A transform ation  to  the 
dual variables [1 1 ] requires a splitting  of the action into 
two parts . The first p a rt m ight be nonlinear bu t should 
be exactly  solvable, and the second p a rt should be G aus­
sian. The sim plest way is to  choose S at and  hybridization 
as those parts. Such a theory  is described in the  next two 
sections. I t will be shown th a t  it describes the  low-energy 
physics quite good. However, it will be shown also th a t 
a correct description a t all frequencies requires a more 
sophisticated approach, and a renorm alization procedure 
will be introduced.
H ubbard-Stratonovich decoupling of the hybridization 
and  subsequent integration  over c, c in the  evolution oper­
a to r results in the dual action
where Taylor coefficients of the nonlinear p a rt V [f  , f  ] are 
vertexes of the  atom ic problem.
M om enta of the  atom ic problem  can be calculated in 
the  tim e dom ain, using world-line representation. P arts  
(a) and (b) of Figure 1 show the nonvanishing world lines 
describing the calculation of the  G reen’s function. One 
can see, th a t since the evolution s ta rts  and finishes w ith 
a single electron w ith the spin-up orientation, there is 
a definite ordering of the  creation-annihilation operators: 
annihilation should precede creation for spin-up and vice 
versa for spin-down operators. At half-filling one obtains 
gn (t) =  i 0 ( - t ) e i(U/2)t and gj,j,(t) =  - i0 (t)e—i(U/2)t (0 is 
a Heaviside step  function). Fourier transform  gives
ffîî(e) =  , , Tn o ---- Jñ’ 9 l l ( e) =  z---- rr!o  , (4 )e +  U /2  -  i 0 ’ e -  U / 2  +  i0 '
These formulas are sufficient to  construct the mean-field 
approxim ation, as higher m om enta does not enter the the­
ory in th a t case. Very sim ilarly to  formulas (14-15) of [11], 
one obtains
G jj(e) =  (g—j1(e) -  A (e)) — 1
Gd“ai(e) =  GJ J (e) -  gj j (e)
(5)
(through the paper, the mean-field results are denoted 
w ith the calligraphic letters).
Let us rem ind th a t an average over spin indices should 
be taken to  ob tain  the final result, so we get
1 /2  1 /2
G(e) = + (6 )
(3)
e +  U /2  -  A(e) -  i0 e -  U /2  -  A(e) +  i0
(In our notation , quantities before and after spin averaging 
are m arked w ith the same letters. To escape confusion, we 
always supply non-averaged quantities w ith spin indices.)
We will be m ostly interested in Kondo-like problem , so 
th a t atom ic resonances ± U / 2  lie outside the conduction 
band. One can see the mean-field DOS of such a problem  
is built of slightly reshaped band  DOS and two ¿-peaks at 
± U /2 . The m ain fault of th is approxim ation is th a t no 
Kondo peak appears near Fermi level, while the  higher- 
energy p a rt of DOS is qualitatively correct.
p-2
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L ow -en ergy  p ro p erties: g en era l co n sid era tio n . —
A calulation of the  corrections to  the mean-field theory  
requires knowledge of higher m om enta of the atom ic prob­
lem. The tw o-particle G reen’s function g(234 =  ( c i ^ c ^ )  
can be calculated sim ilarly to  g i2 (indices here are com­
binations of energy and spin, for instance 1 s tands for 
ei , a i ). The expression for g (2) contains 24 different term s, 
corresponding to  various m utual order of the four tim e 
and  spin argum ents. However it tu rns out th a t only
four of whose term s contribute to  the non-G aussian p a rt
(2)
r i 234 =  gÌ234 -  £13524 +  g i4g23. The world lines corre­
sponding to  these term s are depicted in p a rt (c) of Fig­
ure 1. After the  Fourier transform  (om iting the energy- 
conserving delta  function), we obtain  a simple formula
for the fourth-order vertex y (234 =  - ¿ g i ^ g ^ g ^ g - í / r i 234. 
Four-point vertex for all-the-sam e spin indices equals zero, 
and  for the different indices
(4)
e1, e2 ! e3, e4) =  - U  -
U  2
£3 -  Ê2 -  0 ¿
(7)
The first te rm  of th is expression is local in tim e, whereas 
the  second one is proportional to  0 (t3 - t i )5( t4 -  t i )5( t3 -  
t 2) in tim e-dom ain. The Heaviside function appears here 
because of the degeneracy of the ground state: a tim e 
interval between the pairs t i t 4 and t 2t 3 can be a rb itra ry  
large (see Figure 1).
In th is paper, we restric t ourselves w ith the simplest 
approxim ation beyond mean-field, th a t is the  first-order 
diagram  correction to  the dual self-energy:
S dualÎ i
< ‘ > =  s
(4)
; e, e,)Gdual (e,) * / (8 )
and  sim ilarly for £dual.
G CTCT (e)
1
g - ^ e )  -  A(e) -  ( g j j ( e) +  (SJual(e))- i )
(9)
An im portan t p roperty  of these formulas is 
th a t SjUal contains the Kondo logarithm . In­
deed, substitu ting  (7) into (8 ) and taking into ac­
count th a t Im  Qdual changes its sign a t the  Fermi 
level, one finds th a t Re X¡dUal contains the  logarith­
mic singuliarity: (27r) 1 ƒ  ■- e '- i 0 Im  Gdual (e, )de,
n  i U 2 lo g ( -Q /e ) Im G ^
gives an estim ation Re £ dual 2 n -
is determ ined by the inequality g | | £ | |  ^  1. Note th a t 
a t the  Kondo energy [13] ck  oc exp(—z^ )  the  left-hand 
side of th is inequality equals one-half, so our theory  is 
form ally valid only above the Kondo scale. B ut it is im­
p o rtan t to  note th a t some of low-energy physics is also 
reproduced. Namely, Friedel sum  rule [13] is satisfied: as 
one can see from (9), the divergence of S ^ 1 corresponds 
to  G j j  =  - A - i .
A calculation for a concrete system  should be presented 
to  ensure th a t the theory  behaves well. In the  next sec­
tion, we present the analytical formulas and corresponding 
graphs for the case of half-filled system  in a semicircular 
bath .
L ow -en ergy  p ro p ertie s: a n a ly tica l r e su lts  for a  
sem ic ircu la r  b a th . — An explicit calculation of the 
first-order d iagram  in dual variables is a simple although 
not triv ial task. The bare dual G reen’s function Gdual(e) 
has an atom ic pole a t - U / 2  (and a t U /2  for Gdual(e)) as 
well as a branch cu t originating from the fact th a t A(e) 
represent a system  w ith a continuous spectrum .
In our calculation we will use a sem icircular A(e):
A(e) = \  ( ^ )  (e — sgn(e)V/e2 — D2) (1 0 )
Here D  is the half-bandw idth, which for sim plicity is pu t 
to  one in all calculations below. H ybridization constan t t 
describes the coupling between the im purity  atom  and its 
nearest neighbor.
The diagram  we are going to  calculate is an integral over 
the real axis:
I t would be more accurate to  use 
the  in tegrand w ith the renorm alized dual G reen’s function 
G^ual, bu t we will s tay  w ith the expression w ith Gdual for
2 n
de,
U 2
simplicity.
To ob tain  an expression for the  G reen’s function, i t ’s 
practical to  use the iden tity  (18) of [11] . We obtain
e — e, — ¿0
U 2
e, — e — ¿0
G d n l(eo (1 1 )
G d ^ e O  (1 2 )
L e t’s examine the pole struc tu re  of the  p a rt proportional 
to  U (constant p art) in the  expression for £dual(e). Denote 
th is p a rt E *dual
dual
^U
U A (e,) de,
2n J ^  -  U / 2  +  ¿0 ) ^  -  U/ 2  +  ¿0 -  A ^ ))
(13)
There are a pole a t e, =  U /2  -  ¿0 inherited  from the 
atom ic problem  and a t m ost two poles which are solutions 
of the  equation e -  U /2  =  A(e). For our special choice of 
A(e) this equation is reducible to  the following system:
dual( - 0 ), where the  cut-off Q is 
abou t the half-bandw idth. Futher substitu tion  of Eq. (5)
ÎÎ ~  ¿  lo g (-Q /e )  for the 
case of large U . Clearly, such a logarithm ic behaviour is 
also reflected in DOS.
The dual pertu rb a tio n  theory  is valid while the correc­
tions to  the  mean-field result are small enough. Accord­
ing to  formula (9), it m eans th a t the dom ain of validity
R eA (e) =  e -  U /2 
Im A (e) = 0
e2(1 -  4 t2) +  eU (2t2 -  1) +  ((2 t2) 2 +  (U /2 )2) =  0 
|e| >  1
(14)
In the case of t  =  1 /2  th is quadratic  equation tu rns 
to  a linear one and its roo t eo =  \  (U  +  ¡7 ) is always
e, e
i
2U
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Fig. 2: Graphical solution of the equation ReA(e) =  e — U/2.
greater th a n  or equal to  1. W hen t  is not equal to  1/2, two 
real roots e+ and  e— are possible. This is a m anifestation 
of an additional energy level splitting  in troduced by the 
’’defect” of the lattice. However in the lim it U ^  2t the 
only relevant roo t is still e+ . To understand  th is s ta tem ent 
i t ’s useful to  represent R eA (e) =  e — U /2  equation in a 
graphical form (see Figure 2).
As one can see, the  m agnitude of t  determ ines the height 
of “shoulders” in this figure, while U /2  is a vertical dis­
placem ent of the diagonal line e — U /2. At U large enough 
in com parsion w ith 2t 2 (dimensionless) there is only one 
intersection of the curves on the positive half-axis, i.e. e+. 
A com plete analisys of the equation yields the  following 
results:
t , u roots
t = 1 /2 e =  5 (U  +  Tl)
1/2, 2 i 2 < 1, U/2 < 1 - 2 12 no real roots
t +  1/2, U/2 > |1 -  2f2| e =  e+
212 > 1, U/2 < 2t2 -  1 e e e I
 ^ {U/2){At2 -  2) ±  4 iV 4 12 + {U/2)2 -  1
2(4t2 — 1)
(15)
S dual _U =
1
e' — U/ 2  +  ¿0
— 2 — (j) de i , . , ,
27r J e  Ve' -  U / 2 +  *0 -  A (e')
One can observe th a t  the  second term  of the  integrand 
does not contribute to  the result, since it contains no
Fig. 3: A contour of integration for the constant part of
E d u a l  /TT (e).
singuliarities in the contour. To proceed w ith the first 
term , we substitu te  the explicit expressions for R eA (e ') 
and Im A (e ') . We take into account th a t only Im A (e ') 
changes its sign under a transition  from one side of the 
branch cu t to  another. After routine transform ations we 
obtain
£ dual
U 4 t2 i / l  — e'2d,e'
2n 1 — 4 t2 „/—1 (e' — e+)(e' — e—)
(16)
T he integral can be sim ply done by a trigonom etric sub­
stitu tio n  e' =  sin >^. So we ob tain  the final answer:
dual
£ U
U  4t 2 (  n  L ( e + ) — L ( e - )  
~  2 t t 1  - 4 12 V 2 +  e+ -  e_ (17)
(18)
There is no need to  repeat all the  calculations for the 
second p a rt (proportional to  U 2) of equation (11). An 
additional m ultiplier (e — e' — ¿0 ) - 1  produces another pole 
below the real axis, so it doesn’t  affect the  in tegration  
contour in any way. This m eans th a t the last integral in 
(16) should be replaced with
d e W l -  e/2
i - 1 (e — e' — ¿0 )(e' — e+)(e' — e- )
B oth  poles U /2  — ¿0 and  e+ — ¿0 reside in the fourth 
quadran t while A(e) has a branch cut on [—1; 1]. To pre­
serve casuality  it has to  perform  an infinitesimal shift up 
where e <  0 and down for e >  0. Such a disposition of 
the  poles perm its us to  choose an in tegration  contour in 
the  upper half-plane (the in tegrand vanishes a t infinity as 
e'- 3 ) and then  deform it to  a sm aller contour C  as shown 
in Figure 3.
Futher, the  in tegrand of £Uual can be split into two parts 
as follows
1 de ' y / l  — e''■ 1 1
e+ — e-  J - 1 e — e' — ¿0 \ e '  — e+ e' — e
In this way we have reduced the U 2-p a rt to  a known 
result. A full expression for £ | ual(e) is
U 4 t2
s f r ' i e )  = ----------:—
11 2 7 T 1 -4 12
_ 7T ¿ (e _ )  -  L{e+)  
2  e- -  e+
U
e+ — e-
L(e — ¿0 ) — L(e- ) L(e — ¿0 ) — L(e+)
e — e+
(19)
(An infinitesimal im aginary p a rt in L(e — ¿0) assists to  
choose the right side of the branch cut. Such an im aginary 
addition is not required for e± , since they  do not lie on the 
brunch cut for any positive t  and  U).
An evaluation of £dual (e) repeats the previous one w ith 
a num ber of exceptions:
lm e
U
0
e e
p-4
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•  Poles of the in tegrand are a t — U /2 +  ¿0 and —e+ +  ¿0.
•  The integration  contour goes in the  opposite direction 
and surrounds [0 ; 1] segment.
•  The pole of (e' — e — ¿0) - 1  lies above the  real axis.
So we have a very sim ilar answer:
dual dual
£ U (e) =  — £ î î  (—e) (2 0 )
By taking a lim it in formula (19) we achieve even sim- 
plier expression for the t  =  1 / 2  case:
S dual / I î î  (e)|t= 1/2
e0 — U 1
—£dual (—e)|t= 1/2
- -  1 +  L ( e 0) - U  
2 n
L(eo) — L(e — ¿0 )
e 0
e0 — e
- ( U  +  l / U )  (21)
(epole) 0; (epole) ° (2 2 )
its reasonable to  require the  fulfillment of th is condi­
tion. An additional condition m eans th a t the theory  m ust 
have an additional ajustab le  param eter. To introduce it, 
we modify the splitting  of the action into G aussian and 
H am iltonian parts. We rew rite (1) as follows:
+ 00
S  =  S 'a t — ƒƒ d td t 'c ,t  (A (t — t ')  +  ¿A¿'(t — t '))
+ 0
^  a t  =  I  ^  ( ^ ( 1  ~QlCat U T l ^ t ^ [ t  +  f ^ ^ a t )
- 0
(23)
The param eter A is to  be ad justed  to  m ain tain  the condi­
tion  (2 2 ).
The calculations are very sim ilar to  the above consid­
ered case A =  0. The atom ic problem  is the  same, up to  
scaling transform ations. We obtain
The result for dual self energy should be substitu ted  
into formula (9). We have p lo tted  thus obtained DOS for 
several values of U and obtained sm ooth graphs w ith a 
clear Kondo-like peak a t the  Fermi level. So, it is clearly 
dem onstrated  th a t the sim plest first-order theory  repro­
duces the low-energy physics of the Anderson im purity  
model correctly. However, we found th a t it suffers serious 
problem s a t higher frequencies. This issue is discussed in 
the next section.
R en o rm a liza tio n  p ro ced u re . — The m entioned 
draw backs of the formalism presented so far are related 
to  the  poles of (e). F irs t of all, as it follows from Eq. 
(9), the G reen’s function G , ,  is pinned a t its mean-field 
value —1 /A  a t these points. The only case when th is pin­
ning is absent is the  vanishing of £ d^al a t the point of 
the  pole, bu t it seems th a t  no finite-order approxim ation 
for (e) provides such a condition. The pinning is ra ther 
unphysical, because poles of the atom ic problem  are by no 
m eans special points for the entire action (1 ), and there is 
no any sum  rule about them . Further analysis shows th a t 
the  theory  fails also near the poles of the  atom ic prob­
lem: it replaces the  mean-field pole e =  U /2  — A(e) w ith 
the  two poles shifted from the real axis in different direc­
tions. Consequently, the theory  is not conservative and 
no t causal.
The problem s about the  poles of g , ,( e )  are probably 
related  to  the pole s truc tu re  of the dual G reen’s func­
tion. As it follows from the second line of (5), it has two 
close poles, one placed exactly  a t U / 2  and another slightly 
shifted from th is point. The residues of these poles have 
opposite signs. We suppose th a t the description using self­
energy is no t valid in th is situation . Anyhow, the above 
parag raph  contains a constructive idea on how to  improve 
the  theory. Since the pinning is absent only if dual self­
energy vanishes a t the pole,
g , ,( e )  =  ((1 — A)e ±  U '/2  T  * 0 p  ; U ' =  (1 — A)- 1 U
u '2
£ 3— £ 2—0 i ^ ( e lj e 2 ; Ê3 ,  £4 ) —  — U  —  r
The mean-field consideration gives
Gctct (e) =  (e ±  U ' — A(e) ^  ¿0)
(24)
(25)
so th a t  the renorm alization ju s t results in a shift of the 
atom ic resonances. P ractical calculation shows th a t (22) 
is fulfilled w ith a small positive A, and th a t A grows as U 
decreases.
A calculation of the first-order correction is also similar. 
The only im portan t difference is th a t Gdual(e) obeys high 
frequency asym ptotics for a finite A, and therefore
the contour in tegration contains an additional contribu­
tion  from infinity. The final formula (19) becomes:
£ dual (e; A) =  —£dual(—e; A) =
_  U  4 t2 
“  27tT~-
U '2 4 t2
_ 7t L(e'_) -  L(e'+) 
tt 1 — 4 t2 V 2 e'_ - e '  1
1
2n 1 — 4 t2 e+ — e-
L(e — ¿0 ) — L ( e - )
L(e — ¿0 ) — L(e+)
+  A—  
2
((J'/2) (412 -  2) ±  4t2 y/412 + (U' /2)2 -  1 
2(4t2 -  1)
(26)
We have perform ed calculations w ith th is dual self­
energy substitu ted  in Eq. (9). The value of A has been 
ajusted  num erically to  fulfill the  condition (22). The re­
sulting graphs for the band  DOS are shown in Figure 5. 
Besides band  DOS, there are also separated  poles, cor­
responding to  the  atom ic resonances. Their positions are 
shown in Figure 4. For comparison, we also plot the mean- 
field values w ith and w ithout renorm alization (poles of the 
expressions (25) and  (5), respectively). I t can be verified, 
th a t the renorm alized theory  is causal ( th a t is, poles are
1
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I.S. Krivenkol, A.N. Rubtsovl, M.I. Katsnelson 2 A.I. Lichtenstein3
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Fig. 4: Position of the atomic resonance of SIAM with t  = D /2  
in different approximations. The resonance bare atom (that is, 
Êpoie =  y  ) is shown for comparison. Note that the renormal­
ized theory gives a twice-larger shift of the resonance position 
than the mean-field approach does. For the renormalized the­
ory, £  vanishes near the resonance point, therefore taking the 
dual correction into account almost does not affect the reso­
nance. Inset shows the value of renormalization parameter A.
infinitesim ally shifted from the real axis in proper quad­
ran ts) and conservative ( th a t is, L uttinger theorem  is ful­
filled).
C o n clu sio n . — At the end of the paper we can com­
pare our scheme to  the approach by Logan et al [9], since 
the  local m om ent approach developed there is formally 
sim ilar to  the present theory  in a num ber of points. A 
sim ilar form of the  bare G reen 's functions is used to  con­
stru c t a d iagram atic expansion. B u t the G reen 's func­
tions of the local m om ent approach are to  be determ ined 
self-consistently, so th a t it includes poles of a partia lly  
“dressed” im purity  atom . In the same fashion sum m ation 
of ladder diagram s is required to  ob tain  a renorm alized 
energy-dependent vertex having a neccesary peculiarity  
near zero frequency. So, the approach by D. Logan re­
quires an essential numerics. In contrast, we presented 
an alm ost analytical scheme. Therefore, the  result can 
be im proved in a regular way by the account of higher­
order diagram s. A nother im portan t peculiarity  of our ap­
proach is th a t it explicitly describes the renorm alization 
of atom ic levels due to  hybridization w ith conduction elec­
trons. A crucial checkpoint for the  further developm ent of 
the  m ethod is its applicability to  m ulti-orbital systems. 
As far as we know, D. Logan's approach m et serious dif­
ficulties beyond single-band system s, although there is a 
prom ising result of the variational scheme [14]. For our 
scheme m ulti-orbital generalization looks straightforw ard.
The work was supported  by R FFI-D FG  gran t 08-02­
91953 — 436-RUS-113-938-0.
Fig. 5: Local density of states p(e) = — s g ImG(e)  of SIAM 
w ith  t  =  D / 2, ca lcu la ted  from  th e  renorm alized theory. A tom ic 
resonances are show n w ith  vertical lines; height of th e  line is 
de term ined  by th e  sp ec tra l w eight of th e  resonance. Arrow s 
ind ica te  shift from  th e  resonance of th e  b are  atom .
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